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We demonstrate low-loss Ge-rich Si0.2Ge0.8 waveguides on 
Si1-xGex (x from 0 to 0.79) graded substrates operating in the 
mid-infrared wavelength range, at λ = 4.6 µm. Propagation 
losses as low as (1.5 ± 0.5) dB/cm and (2 ± 0.5) dB/cm were 
measured for the quasi-TE and quasi–TM polarizations, 
respectively. Total coupling loss (input/output) of only 10 dB was 
found for waveguide widths larger than 7 µm due to a good fiber-
waveguide mode matching. Near-field optical mode profiles 
measured at the output waveguide facet allowed to inspect the 
optical mode and precisely measure the modal effective area of 
each waveguide providing a good correlation between 
experiments and simulations. These results put forward the 
potential of low-index-contrast Si1-xGex waveguides with high Ge 
concentration as fundamental blocks for mid-infrared photonic 
integrated circuits.  
OCIS codes: (130.0130) Integrated optics, integrated optics materials, 
infrared; (230.0230) Optical devices, Waveguides; (220.0220)   Optical design 
and fabrication. 
http://dx.doi.org/10.1364/OL.99.099999 
Mid-infrared photonic integrated circuits (mid-IR PICs) are 
recently gaining significance due to the vast number of 
applications foreseen over the 2-20 µm wavelength range [1].  
Among them, the use of mid-IR on-chip approaches as enabling 
systems to develop ultra-sensitive label-free and compact 
spectroscopic sensors is driving much of the expectations for this 
new platform [2-6]. The concept relies on the exploitation of the 
strong mid-IR absorption present in several substances and 
molecules to detect tiny analyte concentrations, potentially parts 
per billion (ppb).  Alternatively, the use of mid-IR PICs has also 
been proposed as a powerful solution to several major drawbacks 
existing in other important areas such as thermal imaging, free-
space optical communications, astronomy or medical diagnostics 
[7, 8].  
In that regard, Si-based technologies have shown great potential 
for the implementation of new mid-IR PICs, following a natural 
trend motivated by the large pool of devices already demonstrated 
at telecom wavelengths [9]. The possibility to use a mature 
technology combined with the suppression of silicon’s two-photon 
absorption (TPA) in the mid-IR is also considered as a crucial 
advantage to realize novel nonlinear devices for supercontinuum 
generation or frequency conversion, among others [10, 11]. 
Nevertheless, the conventional SOI platform typically used for 
near-infrared (NIR) integrated optical platforms poses challenges 
for mid-IR integration, as the SiO2 experiences an early absorption 
in the mid-IR starting around λ ~ 3.6 µm. In order to overcome this 
limitation, several works have suggested implementations of mid-
IR silicon-based platforms that outperform SOI performance by 
using Si-on-saphire (SOS), Si-on-Si nitride (SON), Si-on-porous Si, 
suspended Si, Ge-on-Si or SiGe-on-Si [12-25]. The latest approach 
is particularly interesting since it allows fine control of the material 
properties such as the bandgap or the refractive index by 
balancing the Ge concentration in the alloy, while extending the 
operation range up to at least 8 µm (Si absorption onset), with 
possibility to further extend it to 14 µm (Ge transparency cut-off 
wavelength) for devices with low Si concentration. Moreover, Ge 
presents higher nonlinear properties than Si and a TPA cut-off at λ 
~ 3.2 µm, hence making Ge-rich structures a convenient choice to 
develop nonlinear optical devices in the mid-IR [26].  
In this work, we demonstrate low-loss Ge-rich Si0.2Ge0.8 rib 
waveguides on Si1-xGex graded substrates operating at 4.6 µm. Such 
passive structures could be used as an elemental building block to 
develop more complex mid-IR PICs. It is worth noting that 
although other works have already reported low-loss Si1-xGex 
waveguides in the mid-IR, they used lower Ge concentrations at 
the waveguide core (x < 0.5) and a Si cladding that limited the 
operation wavelength at λ < 8 µm [25, 27]. Instead, the waveguides 
used here are based on a higher Ge content in the guiding core (x ~ 
0.8) and a Si-cladding-free design that may allow to further extend 
the operation wavelength beyond the Si absorption onset.   
The epilayer was deposited using Low Energy Plasma Enhanced 
Chemical Vapor Deposition (LEPECVD). A graded Si1-xGex substrate 
with a linear increase of the Ge concentration up to x = 0.79 was 
first grown at a rate of 5-10 nm/s over commercial Si (001) wafers, 
with a total thickness of 11 µm. A 2 µm thick Si1-xGex layer with 
constant Ge concentration of x = 0.8 was then grown on top of the 
graded buffer to be used as guiding layer.  Such approach allows to 
efficiently reduce the number of threading dislocations (TDD) to 
3x106 cm-2 by gradual accommodation of the Si-Ge lattice 
mismatch in the layer stack [28]. The surface roughness of the top 
layer is 3.5 nm rms as measured by AFM. The compositional 
mismatch between the top layer and the graded buffer generates a 
small refractive index step in the waveguide core, which helps to 
confine the optical mode [29, 30]. Rib waveguides of different 
widths (4, 5, 6, 7 and 8 µm) and different lengths (3, 4, 5 and 6 mm) 
were defined by etching the Ge-rich Si0.2Ge0.8 layer down to 1.5 µm 
using Inductively Coupled Plasma (ICP) technique. Hydrogen 
peroxide solution (H2O2) was used to smooth the sidewall 
roughness.  The inset of figure 1 shows a schematic cross-section 
of the waveguides that have been fabricated and characterized. An 
additional deep etching step (down to ~120 µm) was performed 
to define the waveguide facets and to allow an easy placement of 
the input fiber close to the waveguide’s input facet. The sample 
design is seen in the SEM picture of Figure 1, showing the deep-
etch step to obtain the different straight waveguide lengths from 3 
to 6 mm long. Additionally, a zoomed view over single waveguides 
(top images in figure 1) allowed to corroborate the good 
agreement between waveguide dimensions and the nominal 
design, with an uncertainty of ± 0.2 µm. Smooth waveguide facets 
and reasonable low sidewall roughness were also observed. 
 
Fig. 1. SEM pictures of Ge-rich Si0.2Ge0.8 rib waveguides with facets 
defined by deep ICP etching. The top images display a zoomed view of 
a waveguide with a nominal width of 4 µm (left) and 8 µm (right), 
respectively. The inset figure represents a simplified schematic of the 
waveguide cross-section. 
A cut-back technique was then used to characterize optical loss 
of the waveguides in a non-destructive manner, with no need of 
sequential cleaving and further polishing of the waveguide facet 
after each measurement. 
Waveguide characterization was performed using (i) a quantum 
cascade laser (QCL) operating at 4.6 µm coupled to a mid-IR single 
mode micro-structured optical fiber for waveguide butt-coupling 
with (ii) a free-space mid-IR collection system using a plano-
convex lens aligned with a mid-IR thermal camera. In the absence 
of polarization-maintaining mid-IR optical fibers, an optical 
polarizer was placed at the waveguide output facet to filter quasi-
TE and quasi-TM polarizations. The measured power at the fiber 
output was limited at 0.5 mW, a value low enough to avoid the 
influence of nonlinear effects. The near-field optical modes were 
monitored in real time by the mid-IR camera and integrated all 
over the waveguide facet. Low propagation losses were measured, 
which are nearly independent from the waveguide width, as 
shown in Figure 2. The measured transmission values of the 7 µm-
width waveguides are reported using circles for TE modes and 
squares for TM modes, while the vertical bars illustrate the 
experimental error deviation. Finally low-loss optical mode 
propagation is obtained for both polarizations, corresponding to 
(1.5 ± 0.5) dB/cm and (2 ± 0.5) dB/cm for the quasi-TE and quasi-
TM modes, respectively, with almost no dependence on the 
waveguide width. It is worth to remark that although Finite 
Difference Method (FDM) simulations denoted multimodal 
behavior in waveguides wider than 5 µm for the current operating 
wavelength, in practice only the first mode was observed at the 
output facet of waveguides. This may be explained considering 
that higher order modes normally present higher coupling losses.  
Therefore, we can assume that only the first mode was propagated 
and no significant mode-beating nor mode-coupling occurred in 
the waveguides. 
 
Fig. 2. Representative transmission measurements of Ge-rich Si0.2Ge0.8 
waveguides as a function of the waveguide length for the quasi-TE (red 
dots) and the quasi-TM (grey squares) optical modes. The squares and 
circles correspond to the measurement of the 7 µm-width waveguides 
while the vertical bars illustrate the experimental error deviation. 
Finally solid lines correspond to the linear fitting of experimental data 
to deduce the losses per length unit.  
Apart from propagation losses, the coupling losses in and out of 
the waveguides have been investigated.  To this purpose, the 
evolution of the transmitted optical signal (taking into account 
coupling and propagation losses) as a function of the waveguide 
width has been drawn in Figure 3 for a waveguide length of 6 mm. 
While the measured transmission takes into account both coupling 
and propagation losses, it can be noted that the contribution from 
propagation losses is roughly estimated around 1 dB from 
previous results, and so the measured total losses which are 
comprised between ~ 10 and 14 dB come mostly from the 
coupling losses. 
A linear decrease of the coupling losses is observed for 
increasingly wide waveguides, with a subsequent saturation trend 
for the widest designs (widths of 7 and 8 µm) around a 
transmission value of ~-10 dB. The origin of this trend may be 
attributed to a smaller mode mismatch for wider waveguides.  
In order to corroborate this hypothesis, the near-field optical 
mode profile was recorded at the output of each waveguide facet 
and compared with the one obtained at the fiber output directly. 
Results are displayed at the inset images of Figure 3. As seen, an 
evident difference in size (over 25 %) is observed between the 
optical modes of waveguides having a width of 4 µm (left hand side 
inset) and 7 µm (middle inset), being the latest one comparable to 
the measured near-field optical mode of the fiber (right hand side 
inset).  
 
Fig. 3. Total measured optical transmission (including coupling and 
propagation losses, y-axis) of Ge-rich Si0.2Ge0.8 rib waveguides with a 
length of 6 mm and variable widths from 4 µm to 8 µm (x-axis).  The 
insets show the recorded near-field optical mode profiles (in false 
colors) of the waveguide 4 µm wide (left hand side), 7 µm wide 
(middle) and the optical fiber (right hand side).  
Further modal analysis in waveguides was performed by 
calculating the modal effective area (Aeff) of recorded optical modes 
and comparing it with the simulated trend obtained from the 
mode solver software. The main results are shown in Figure 4, 
denoting a good agreement between measurements and 
simulations for both polarizations. Such accurate reproducibility of 
the experimental results validates our simulations methodology 
on graded-index designs and provides a solid baseline to simulate 
more complex structures with different Ge gradient concentration 
profiles. Insets at the bottom-right hand side of Figure 4 compare 
the simulated (left) and measured (right) quasi-TE near-field 
optical mode profiles of a 7 µm wide waveguide. The measured 
optical mode presents an aberration that deforms its shape, caused 
by the collection optics. As can be observed, a considerable fraction 
of the optical mode penetrates into the Si1-xGex graded substrate, 
with no major consequences. Indeed, the gradual refractive index 
increase defined in the graded substrate provides sufficient 
vertical contrast to maintain the mode well confined in the 
waveguide. A gradual increase of the Aeff is observed for wider 
waveguides, as expected. Remarkably, an inflection point seems to 
take place towards narrower waveguides, especially for the quasi-
TE mode, which could be explained by considering the mode de-
confinement in the waveguide when its width is reduced.  
Reducing the waveguide width to less than 4 µm compromises the 
mode fitting inside the rib area. Consequently, the propagating 
mode is pulled downwards in the waveguide, hence diminishing 
the lateral confinement of the optical modes. To better illustrate 
this effect, insets at the top-left hand side of figure 4 show a modal 
comparison between the simulated quasi-TE mode of a narrow 
waveguide 3.5 µm wide with another one 8.5 µm wide (extreme 
values of Figure 4). A clear deformation of the optical mode is 
observed for the narrowest waveguide caused by the 
aforementioned lateral de-confinement. Moreover, this 
interpretation is also consistent with the slightly better mode 
confinement simulated for the quasi-TM mode, since this 
polarization is less sensitive to lateral confinement. 
Therefore, the last two figures have shown interesting features 
that should be considered when implementing Ge-rich Si1-xGex 
waveguides for future mid-IR applications. For instance, when 
designing nonlinear optical devices operating at this wavelength, 
optimum input coupling performance is desired to maximize the 
coupled power inside the structures, and therefore wide 
waveguides (> 7 µm) may be used. However, tight mode 
confinement is also crucial for nonlinear photonics, hence being 
the narrow designs the most appropriate to carry out this task.  To 
address this contradictory constraint, a trade-off between both 
scenarios may be conducted either by choosing an intermediate 
design (i. e. a width of ~ 6 µm in this case) or by combining wide 
sections for efficient input coupling condition with narrower ones 
to boost the nonlinear effects in the Ge-rich guiding core. 
 
Fig. 4. Comparison between the measured (dotted and squared data) 
and simulated (solid lines) modal effective area of the quasi-TE mode 
(red dots and blue line) and the quasi-TM mode (grey squares and 
green line) as a function of the waveguide width for an operating 
wavelength of λ = 4.6 µm. Right-bottom insets display a modal 
comparison between the simulated (left) and measured (right) quasi-
TE mode profiles of the 7 µm wide waveguide. Inset images at the 
upper-left hand side show the simulated quasi-TE near-field mode 
profile of a 3.5 µm (left) and a 8.5 µm (right) wide waveguide.  
In summary, low-loss Ge-rich Si0.2Ge0.8 rib waveguides on graded 
Si1-xGex (x from 0 to 0.79) substrates have been demonstrated at a 
wavelength of 4.6 µm.  Propagation losses for quasi-TE and quasi–
TM modes have been inspected by cut-back technique, obtaining a 
value of (1.5 ± 0.5) dB/cm and (2 ± 0.5) dB/cm, respectively. In 
addition, the total coupling loss as a function of the waveguide 
width has been studied, obtaining an optimum mode-matching 
condition for waveguides wider than 7 µm that provides an 
average coupling loss of ~10 dB. Finally, the evolution of the modal 
effective area upon increase of the waveguide width has also been 
examined by integrating the measured near-field optical mode at 
the output of the waveguide facet, obtaining a good correlation 
between experiments and simulations. 
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